Dawood MG. 2016. Influence of osmoregulators on plant tolerance to water stress, 13 (1), 42-58. Retrieved from www.pscipub.com (DOI: 10.15192/PSCP. SA.2016.13.1.4258) This article highlights on some recent researches, which studied the impact of osmoregulator compounds and their application on the plant in order to increase the plant tolerance to water stress. Water stress limits the growth, productivity and quality of agricultural crops in the world. Water Stress is not only due to the scarcity of water but also due other factors such as salinity, high temperatures and severe cold that make plants not able to absorb enough water from soil to grow well and this is called physiological drought that leads to a series of disorders in physiological and biochemical processes mainly due to lack of osmotic (internal water content of the plant deficiency), and the toxicity of salt ions. One way to overcome the negative impact of water stress on plants is the use of osmoregulators compounds formed by the plant when exposed to stress such as glycinebetaine, proline and trehalose. Osmoregulator compounds mainly regulate osmotic pressure within the plant to be able to absorb water and also have influential and effective roles on a lot of vital processes in the plant. they protect membranes of chloroplasts and thus increase the photosynthesis efficiency and have the ability to protect cell walls and membranes, which leads to stability and the organization of permeability and play an important role in scavenging the free radicals thus lead to mitigate the adverse impact of stress and improve growth, productivity and quality of plants. It can be concluded from this article that the best material used to increase plant tolerance to water stress is glycinebetaine where it can be obtained in large quantities and at low prices, making use it appropriately in economic terms as well as effective impact on increasing the tolerance of plants to water stress and reflected in increasing crop quantity and quality. Moreover, the use of proline has also an influential and effective role in increasing plant tolerance to water stress, but more expensive than glycinebetaine. Trehalose is an efficient protectant against water deficit conditions, and it is also effective in reducing oxidative stress but trehalose considered the most expensive, until now. We must intensify efforts to study and understand more of the physiological and biochemical changes played by these substances within the plant under stress conditions to improve plant productivity under water stress with modest economic cost.
Introduction
Today, in a world of 7 billion people, agriculture is facing great challenges to ensure a sufficient food supply. Unfavorable environmental factors such as drought, salinity, chilling, freezing, high temperature etc. significantly limit productivity and quality of crop species worldwide and in extreme cases cause the plant to die (Sardans et al., 2011) . Almost all of abiotic stresses are often interconnected and associated with plant-water relations. Economic losses associated to water availability reached about one billion dollars, in 2009, only in the United States (Anderson et al., 2009) . With increasing aridity in conjunction with a fast increase in human population, water will become a scarce commodity in the near future, particularly in the third world countries. Water stress caused by lack of water or by other environmental stresses like extreme temperatures or salinity (Bartels and Souer, 2004) .
Generally, salinity, cold and drought stress are osmotic stress: they cause a primary loss of cell water and a decrease of cell osmotic potential. However, the elicitor of cell water loss differs between stresses:
The decrease of cell water content under salinity stress is due to the decrease of external water potential, and the increase of ion concentration (mainly Na + and Cl -), turning more difficult water uptake by roots and water translocation to metabolically active cells.
The decrease of cell water content under cold stress is due to the so-called physiological drought, i.e., the inability to transport the water available at the soil to the living cells.
The decrease of cell water content under drought stress is due to water shortage in the soil or/and in the atmosphere (Vahdati and Leslie, 2013) .
Plants need to maintain internal water potential below that of the soil to maintain turgor and water uptake for growth. This requires an increase in osmotica, either by uptake of soil solutes or by synthesis of osmoregulators (compatible solutes). The accumulation of compatible solutes in response to various stresses is a widely distributed phenomenon in the plant kingdom and regarded as a basic strategy for protection and survival of plants under abiotic stress (Zhonghua et al., 2007) .
Osmoregulators (Compatible solutes)
Osmoregulators or compatible solutes are low molecular weight and highly soluble compounds. These compounds are confined mainly to the cytosol, chloroplasts, and other cytoplasmic compartments and protect cellular components from dehydration injury during osmotic stress, so, they are commonly referred to osmoprotectants or osmoregulators.
These solutes include amino acids (e.g. proline), quaternary ammonium compounds (e.g. glycinebetaine) and a variety of sugars and sugar alcohols (e.g. mannitol and trehalose). In addition, genes involved in osmoprotectant biosynthesis are up-regulated under osmotic stress, and the concentration of accumulated osmoprotectants correlates with osmotic stress tolerance (Rontein et al., 2002) .
Physiological role of osmoregulators
Under the effect of osmotic stress, an increase in external osmolarity results in an efflux of water from the interior, leading to a reduction in the turgor pressure in the cell and reduction in the cytoplasmic volume. The decrease in cell volume elevates the concentration of various intracellular ions, which are toxic to the cell.
Osmoregulator compounds are protecting plants by osmotic adjustment (helping the cells to maintain their hydrated state and turgor maintenance), maintaining membrane integrity, protecting macromolecular structure, stabilization of proteins and enzymes, induction of stress proteins and acceleration of reactive oxygen species scavenging systems (Rontein et al.,2002; Ashraf and Foolad,2007; Hayat et al., 2012) . Moreover, application of different osmoregulators as glycinebetaine (GB) or proline had a significant role on plant growth promotion and seed yield under normal or stress conditions as observed in some crops e.g., maize (Yang and Lu, 2006; Kaya et al.,2013; Reddy et al., 2013) ,canola (Dawood and Sadak, 2014) , rice (Mohammed and Tarpley, 2011) , wheat (Raza et al., 2014) , chickpea ( Kaushal et al.,2011) and faba bean (Taie et al., 2013; .
Glycinebetaine (GB)
Glycinebetaine (GB) is the most well-known quaternary ammonium compounds in higher plants, that induced and endogenously synthesized in the chloroplasts in response to various abiotic stress, such as drought (Silva et al., 2011) , high salinity (Kern and Dyer, 2004) , low temperature and oxidative stresses (Liu et al., 2011) in many crops and its concentration correlated with the level of tolerance. Under salinity stress conditions, the GB levels in soybean plants were increased by 31 and 68% during the vegetative and reproductive stages, respectively (Rezaei et al., 2012) . The maximum values of GB in control or stressed plants were found during the reproductive stage. When GB applied exogenously, it was rapidly absorbed by leaves and translocated actively to almost all parts of plants. Moreover, GB was highly stable in plant tissues remaining un-metabolized up to 17 days after application. When [ 14 C] GB solution was exogenously applied to the foliage of summer turnip rape (Brassica rapa L. ssp. oleifera), it was taken up and translocated to roots within two hours of application (Makela et al., 1996) .
Effective doses of GB
GB effects were highly significant when it was applied at optimum dose and at critical growth stage (Agboma et al., 1997) . Farooq et al. (2008) found that foliar application of glycinebetaine at the rate of 100 mg L -1 at 5-leaf stage improved drought tolerance in rice crop. Shahbaz et al. (2011) mentioned that foliar application of 50 mM GB was the most effective concentration in enhancing various growth attributes and grain yield of wheat cultivars under drought stress conditions. Miri and Armin (2013) concluded that spraying GB at 150 ppm before flowering improved the corn plant height, chlorophyll, yield and yield components under the conditions of drought stress. Raza et al. (2014) stated that interaction between GB at 100 mM and potassium (K) at 1.5% is the best strategy to ameliorate the drought impact on wheat grain yield.
It is worthy to mention that different crops have different threshold levels of GB. Yang and Lu (2006) concluded that if endogenous level of GB reaches a threshold level due to either foliar application of high concentrations of GB or by increasing the number of foliar applications of effective concentration, or applied through the rooting medium for a longer duration even at low concentration, it does not act as an osmoregulator substances, thereby causing phytotoxicity. In this respect, Sulpice et al. (2002) found that enhanced endogenous GB due to exogenous GB application at high doses caused the damaging effects in Brassica napus. Kotb and Mansour (2012) concluded that GB acted as osmoregulating substance and enhanced water stress tolerance of maize plant when applied at a level of 15 mM , whereas, 20 mM GB decreased growth and yield of maize.
Physiological role of GB
Exogenously applied glycinebetaine plays a vital role in osmotic adjustment and increased salt (Kaya et al., 2013) , cold (Nayyar et al., 2005) and drought tolerance Dawood and Sadak, 2014) in either glycinebetaine accumulating or non-accumulating plants.
Glycinebetaine affords osmoprotection for plants and protects cell components from harsh conditions by regulating the water potential equilibrium in the cell which in turn, maintaining the turgor pressure and protecting cell from dehydration during water deficit conditions (Kaya et al., 2013) . Agboma et al. (1997) indicated that glycinebetaine possesses antitranspirant properties and has the potential to improve drought tolerance by reducing the amount of water use for irrigation. Moreover, it has been reported that GB prevents NaCl-induced K + leak (Cuin and Shabala, 2005) and, thus, indirectly aids water retention in plant tissues. In addition to its role in osmotic adjustment, Kaya et al. (2013) suggested that GB ameliorates the harmful effects of salt stress on the growth of maize seedlings by enhancing antioxidant enzyme activities, maintaining membrane permeability, and improving concentrations of K + and Ca 2+ in the plants. This organic compound is mainly localized in chloroplasts and plays a vital role in chloroplast adjustment and protection of thylakoid membranes, thereby maintaining photosynthetic efficiency Gupta and Thind, 2015) .Exogenous application of glycinebetaine on corn increased internal precursor choline in leaves, prevented chlorophyll degradation, inhibited activity of chlorophylase enzyme, protected PSII from drought damage and increased chlorophyll concentration under water stress (Miri and Armin, 2013) .Furthermore, GB protected the quaternary structure of proteins, maintained enzyme activity, prevented oxidative damage to membranes and enhanced antioxidative defense system under osmotic stress (Shahbaz et al.,2011) . GB could protect plants against oxidative stress by eliminating ROS directly or by enhancing ascorbate -glutathione cycle (Kaya et al., 2013) .
Generally, Glycinebetaine protected the plant cells against the adverse affects of stress by (i) preserving the osmotic balance (Mahouachi et al., 2012) (ii) stabilizing the structure of macromolecules and maintaining membrane permeability (Ashraf and Foolad, 2007) (iii) protecting the photosynthetic apparatus and promoting the photosynthetic capacity (Allakhverdiev et al., 2003) and (iv) enhancing antioxidant enzyme activities, and acting as radical oxygen scavengers .
Role of GB in mitigating water stress
Foliar application of GB improved yield in various crops under water stressed conditions, for example, wheat by 18% (Díaz-Zorita et al., 2001) , maize by 18-34% (Agboma et al., 1997) cotton by 18-22%, at a cost of less than 1US $ ha -1 (Naidu et al., 1998) .
Salinity
Arafa et al. (2009) concluded that glycinebetaine application (4000 ppm) could minimize the harmful effects of salinity on sorghum plants. Under high salinity level (6000 ppm NaCl), applications of GB counteracted the harmful effect of salinity on the thickness of xylem tissue, phloem tissue and xylem vessel diameter as well as dimensions of the main vascular bundle ( Fig.2 ) and pre-soaking plus spraying treatment was more effective than pre-soaking treatment.
Figure2. Cross sections of sorghum leaf plants showing that effect of pre-soaking or pre-soaking plus spraying with GB under saline conditions (x100). (a = Control; b = 6000 ppm NaCl; c= Pre-soaking in GB 4000 ppm + NaCl 6000 ppm; e = Pre-soaking plus spraying with GB 4000 ppm + NaCl 6000 ppm) [Abbreviations: LE_ Lower Epidermis; Me_Mesophyll; Ph_Phloem; UE_Upper Epidermis; Xy_Xylem] (Arafa et al., 2009 ). Kaya et al. (2013) concluded that foliar application of 25 or 50 mM GB mitigated the deleterious effects of salt stress on maize plant by reducing Na + concentration, membrane permeability and improving RWC, total plant dry weight, chlorophyll a, chlorophyll b, proline, Ca
2+
, and K + levels in leaf tissues. 50 mM GB treatment was more effective than 25mM GB treatment (Table1). , and K + (g kg -1 dry matter leaves) in maize plants grown under high saline conditions in the presence of GB applied foliarly (Kaya et al.,2013 C: Control treatment; S: 100 mM NaCl; GB1 and GB2: 25 and 50 mM GB, respectively Anjum et al. (2012) reported that exogenous application of GB (100 mM) under drought stress conditions(35% soil field capacity),on maize cultivar DD-60 improved the leaf area (7.32%), 100 kernels weight (10.92%) biological yield/plant (15.41%), grain yield/plant (20.51%) and harvest index (5.44%), whereas the values for cultivar ND-95 were 5.53%, 6.81%, 9.20%, 13.73%, 4.83%, respectively. The enhancement effect of GB on the growth and yield was more pronounced in cv. DD-60 under water stress conditions than cv. ND-95 (Table 2) . Cha-um et al. (2013) demonstrated that exogenous GB pretreatment (100 mM) enhanced endogenous proline and maintained photosynthetic abilities and growth performances of rice plants under water stress (Figs. 3&4) . The yield traits of rice crop were improved by exogenous application of 100 mM GB before exposure to water stress condition. . Proline content (A) and net photosynthetic rate (B) in rice plants pre-treated with glycine betaine (0and 100 mM) and subsequently subjected to various soil water contents (SWC) and recovery (Cha-um et al.,2013) Figure 4. Morphological characteristics in rice plants pre-treated with glycine betaine (0 and 100 mM) and subsequently subjected to 25% soil water contents (SWC) (Cha-um et al., 2013) Reddy et al. (2013) stated that GB application significantly improved plant height, leaf area, leaf dry weight, stem dry weight, ear dry weight and total dry weight under WD60 conditions (60% of well watered). The exogenous GB application may help maize plant to mitigate the effects of water deficit under mild stress conditions (WD60). Meanwhile, influence of GBon these measured characteristics was not significant under well-watered (WW) and severe stress conditions (WD40) (Table3). Table 3 . Influence of glycinebetaine and water deficit on maize growth, yield and yield components (Reddy et al., 2013) Note: GB=Glycinebetaine, WW=well-watered, WD60=60% of WW and WD40=40% of WW Miri and Armin (2013) stated that application of 50, 100 and 150 ppm GB increased corn grain yield under normal conditions by 8.82, 17.31 and 25.62% respectively in comparison with control treatment. Moreover, under drought conditions, spraying GB at 150 ppm during pre-flowering stage was the most effective concentration in increasing corn grain yield than during stem elongation (Fig. 5 ).
Drought
Figure5. Interaction effect of irrigation, glycinebetaine spraying time and concentration on corn yield. (Miri and Armin, 2013) . Dawood and Sadak (2014) stated that GB treatments at different levels (10mM,15mM and 20mM) caused significant increases in IAA, proline, total soluble sugars and significant decreases in MDA, H 2 O 2 , in canola plants irrigated with different levels of water (75% FC and 50% FC). All GB treatments caused significant increases in seed yield, oil, carbohydrate, protein, total phenolic content, tannins, and antioxidant activity of the yielded seeds and non-significant increases in flavonoids in the yielded canola seeds either in plants irrigated with 75% FC or 50% FC. The increases in seed yield/plant due to 20 mM GB were 30.80% and 60.28% at 75% FC and 50% FC respectively relative to corresponding controls (Table 4 ). The fatty acid profile of canola oils showed different responses to GB treatments either in unstressed plants or drought stressed plants. Oleic and linoleic acids were increased accompanied by decreases in linolenic and erucic acids under the interaction effect of GB treatments and drought stress (75% FC and 50% FC) and these results led to decreases in total saturated fatty acid and increases in unsaturated fatty acid relative to corresponding controls. Generally, 20 mM GB was the most pronounced and effective treatment in alleviating the deleterious effect of moderate or severe drought stress on canola plants. High night temperature Mohammed and Tarpley (2011) stated that application of GB increased rice grain yield by predominantly decreasing spikelet sterility, suggesting the potential future use of glycinebetaine to decrease partially the damage caused by high night temperature. Cold stress (chilling) Nayyar et al. (2005) mentioned that chilling injury (assessed as electrolyte leakage) was reduced by 63% due to exogenous application of 1mM GB for 3 consecutive days on chickpea plant prior to exposure tostress as compared to stressed plants on 7 th day. Cold tolerance induced by GB appeared to be related to elevation of endogenous GB levels, relative leaf water content, chlorophyll and sucrose, accompanied by decreases in abscisic acid as well as malondialdehyde and hydrogen peroxide (Figs.6&7) . Figure6 .Effect of foliar application of glycine betaine (GB; 1 mM) on malondialdehyde (MDA) and hydrogen peroxide (H 2 O 2 ) levels.The plants previously growing under warmer glasshouse (28/12 °C) conditions were subjected to cold stress in field conditions (12-14/3-5 °C; maximum and minimum temperature, respectively) at the bud stage. Prior to stress, the plants were foliar sprayed with GB for 3 consecutive days. Observations were recorded for 7 days from topmost leaves. (Nayyar et al., 2005) Figure7. Effect of foliar application of glycine betaine (GB; 1 mM)on endogenous GB levels, chilling injury (electrolyte leakage) and relative leaf water content (RLWC). (Nayyar et al., 2005) .
Proline
Proline is a proteinogenic amino acid, highly essential for various vital metabolic processes within the plant tissues. There are several reports indicated that abiotic stress conditions trigger the accumulation of proline in plant tissues (Kaushal et al.,2011; Hayat et al., 2012; Slama et al., 2014) . Moreover, exogenous application of proline caused increases in its endogenous levels in plant tissues subjected to water stress conditions and induced plant tolerance (Ashraf and Foolad, 2007; Ali et al., 2008) . 
Effective doses of proline
The effectiveness of applied proline depends on the type of plant species and developmental stage as well as rate of application and its concentration. Therefore, it is necessary to determine the optimal concentrations of applied proline that can provide beneficial effects in economically crop plants when exposed to abiotic stress where its effect was dose-dependent (Ashraf and Foolad, 2007) .
Regarding optimum doses, Ehsanpour and Fatahian (2003) mentioned that exogenous application of proline at 10 mM was effective in alleviating the harmful effects of salt stress on alfalfa callus. Ali et al. (2007) stated that exogenous application of 30 mM proline countered the adverse effects of water stress on maize plants. Taie et al. (2013) concluded that soaking faba bean seed with proline (5 mM and 10 mM) enhanced faba bean salt tolerance by amelioration of photosynthetic pigments, ion accumulations, and anatomical structure of vegetative organs, hence improved plant growth and the preservation of a suitable plant water status under salinity conditions (3.13, 6.25 dS/m).
On the other hand, several reports showed that, under certain conditions, exogenous proline can be deleterious to plants and inhibit growth and cell division (Maggio et al., 2002) . The effect of proline is dependent on its concentration, as mentioned by Ashraf and Foolad (2007) , because an excessive amount of free proline has negative or side effects on cell growth and protein functions. The over-accumulation of intracellular proline significantly repressed several genes involved in the synthesis of other amino acids in Arabidopsis plants (Nanjo et al., 2003) . Abbas et al.(2012) concluded that exogenous application of proline to the Citrus sinensis (L.) induced the synthesis of salt responsive proteins. Proline treatment at 25 mg L -1 significantly alleviated the inhibitory effect of salinity stress (40 mM NaCland 50 mM NaCl) on growth of plantlets (height and leaf number). Meanwhile, proline treatments at 50 mM and 75 mM showed minimum effect (Table 6 ). Exogenous application of proline at a concentration of 25mM partially alleviated the harmful effect of diluted seawater (3.13 dS/m and 6.25 dS/m) on faba bean plants, whereas the 50 mM proline treatment showed harmful effect similar to that of salt stress . Table 6 . The effect of NaCl, proline and their interaction on the height (cm) (A) and leaf number (B) of Citrus sinensis (L.) Osbeck plantlet (Abbas et al., 2012 Physiological role of proline Proline at optimum level has several roles such as osmoprotectant, turgor generation, storage of carbon and nitrogen, maintenance of the structure of proteins, maintenance of cytosolic pH, balance of redox status,acting as a part of stress signal, an inhibitor of lipid membrane peroxidation and antioxidant as effective quencher of ROS formed under stress conditions in plants (Maggio et al., 2002; Ashraf and Foolad, 2007; Trovato et al., 2008; Hayat et al., 2012) .
Proline can act as a signaling molecule to modulate mitochondrial functions, influence cell proliferation and trigger specific gene expression, which can be essential for plant recovery from stress (Hayat et al., 2012) Although much attention has been paid on the role of proline in stress tolerance as a compatible osmolyte for osmotic adjustment, little attention has been given to its role in affecting the uptake and accumulation of inorganic nutrients in plants. Thus, it was hypothesized by Ali et al. (2008) that the exogenous application of proline might regulate uptake of mineral nutrients in plants subjected to water deficit conditions. Cuin and Shabalah (2007) reported that compatible solutes like glycinebetaine, proline, mannitol, trehalose or inositol significantly reduced K + efflux from the cell and maintains cytosolic K + homeostasis.
Role of proline in mitigating water stress
Several studies reported that exogenous proline application may improve the plant stress tolerance against different types of abiotic stresses such as drought (Ali et al., 2007; , salt (Hoque et al., 2007) , chilling (Posmyk and Janas, 2007) , and heat stress (Kaushal et al., 2011) .
Salinity
Bakry et al. (2014) indicated that the interaction of proline at (100 mg/L) with humic acid at rate of (50 kg/fed) improved significantly plant height, plant fresh and dry weight, technical stem length, number of fruiting branches/plant, number of capsules per plant, as well as photosynthetic pigment (chlorophyll a, chlorophyll b, carotenoids and total pigments), total soluble sugar and free amino acids content, seed yield per plant and oil seed percentage of flax plants under salinity conditions. In accordance, this treatment showed the most powerful effect on increments seed yield (1.36 ton/ha), straw yield (3.83 tons/ha) and oil yield (0.55 ton/ha) ( Table 7) . Table 7 . Effect of humic acid (HA), proline (P) and their interaction on seed, straw and oil yield of flax under salinity conditions (Bakry et al., 2014) Treatments Control Slama et al. (2014) studied the effect of 10 mM proline (P) on water status and solute accumulation of Arabidopsis thaliana seedlings exposed to 50 mM NaCl (S). The results showed that proline addition (P) to the culture medium had no significant effect on leaf osmotic potential as compared to that of the control (-0.68 MPa), whereas salt treatment resulted in a significant decrease (-17%). The combined effects of proline and salt (P+S) showed the most pronounced decrease (-54%) in leaf osmotic potential. Proline addition mitigated significantly the deleterious effects of salt on lipid membrane peroxidation. Leaf proline and soluble sugar were more accumulated under P+S treatment when compared to S or P treatments (Fig. 9 ). In addition, proline treatment increased leaf Na + , Mg 2+ and Ca 2+ concentrations under salinity stress as compared to the P or S treatments (Fig. 10) . They attributed the positive effect of proline in inducing salt tolerance to its role as osmoregulator.
Figure9. Changes in leaf MDA (malondialdehyde) concentration, leaf proline concentration; leaf soluble sugar concentration; of Arabidopsis thaliana plants grown with 10 mM proline (P), 50 mM NaCl (S) or under their combined application (P+S). (Slama et al., 2014) . Figure 10 . Changes in leaf Na + ; Mg 2+ and Ca 2+ of Arabidopsis thaliana plants grown with 10 mM proline (P), 50 mM NaCl (S) or under their combined application (P+S). (Slama et al., 2014) . Siddique et al. (2015) indicated that foliar application of proline (25mM) significantly improved the growth and development of rice (salt sensitive variety, BRRI dhan29) under salinity stress and resulted in increase the grain and straw yields to a significant extent (Table 8) . Table 8 . Effect of proline on grain and straw yields of rice plant under salt stress condition (Siddique et al., 2015) found that the foliar application of 25 mM proline alleviated seawater induced reductions in growth parameters, photosynthetic pigments, N, P, K + , Ca +2 %, total carbohydrates, and soluble carbohydrates, accompanied by significant decreases in Na + , Cl − . In addition, 25 mM proline minimised the deleterious effect of salinity on the anatomical structure of the faba bean stem and leaf. Salinity stress at 6.25 dS m −1 reduced the wall thickness of stem ( Fig. 11 ) and leaflet blades (Fig. 12) , whereas the foliar application with 25 mM proline counteracted such effects. Figure12. Changes in transverse section of the leaflet blade of faba bean plants grown under seawater salinity and exogenous application of proline (×68). . Ali et al. (2007) reported that exogenous application of different concentrations of proline on maize under water stress had an ameliorating effect on different photosynthetic parameters including transpiration rate and stomatal conductance and maximum increase was observed at 30 mM proline concentration. In addition, proline counteracted the adverse effects of water stress on nutrient uptake because it promoted the uptake of K + , Ca 2+ , N and P in maize cultivars (Ali et al., 2008) . Kaushal et al. (2011) reported that exogenous application of proline (10 μM) appears to have a countering effect against elevated high temperatures on chickpea by reducing the cellular injury and protection of some vital enzymes related to carbon and oxidative metabolism. Proline application caused decreases in MDA content in shoots by32 % at 45/40°C as compared to those growing without proline at these temperatures.In additions, a reduction of 20 % occurred in hydrogen peroxide content at 45/40°C due to proline application as compared to untreated plants (Fig. 13) . On the other hand, the exogenous application of proline raised its endogenous levels substantially in all the treatments indicating its uptake. Prolinetreated plants that grow at 45/40 °C showed 33 % improvement in ASC content and 30 % increase in GSH content over the untreated plants at this temperature.
Drought

High temperature
Figure13. Effect of proline (10 μM) application on malondialdehyde (a) and hydrogen peroxide (b) content in heat stressed chickpea seedlings. (Kaushal et al., 2011) .
Figure14. Effect of proline (10 μM) application on endogenous proline content, ascorbic acid (a) andglutathione (b) content in heat stressed chickpea seedlings. (Kaushal et al., 2011) .
Trehalose
Trehalose is non-reducing disaccharide formed by two glucose molecules. Plants generally contain trace amounts of trehalose. Trehalose can accumulate in response to abiotic stresses in several plant species (Iturriaga et al., 2009; Fernandez et al., 2010; Yang et al., 2014) . 
Effective doses of trehalose
Pre-soaking maize seeds with trehalose (10 mM) showed better performance under salinity stress condition as reported by Zeid (2009) . In addition, spraying a trehalose (30mM) withTween20 solution on the maize leaves resulted in an improved seed composition and increased antioxidant activity, reflected by a higher level of flavonoids under drought (Ali et al.,2012) .
On the other hand, the toxicity of trehalose was found to relate to the accumulation of trehalose-6-phosphate (T6P), an intermediate in trehalose synthesis pathway. It was suggested that growth inhibition by T6P was associated with an interference with carbon utilization in the source tissues and starvation of carbon in the sink tissues important for growth (Nounjan and Theerakulpisut, 2012) .
Physiological role of trehalose
In plants, trehalose is mainly osmoprotectant and also has diverse functions (Paul et al., 2008) . It plays an essential role in various stages of development, for example in the formation of the embryo and in flowering (Iturriaga et al., 2009) , and may be involved in the regulation of carbon metabolism and photosynthesis. It acts as a carbohydrate storage, energy source, osmolyte or protein/membrane protectant and associated with abiotic stress tolerance (Paul et al., 2008; Lunn et al., 2014) .
Recently, it has also been suggested that trehalose or its precursor Tre-6-phosphate acts as a signaling molecule in higher plants and plays important roles not only in metabolic regulation but also in abiotic stress responses in a variety of plants (Lunn et al., 2014; Yang et al., 2014) .
Role of trehalose in mitigating water stress
Exogenously applied trehalose is readily accumulated and transported by leaf or roots tissues and displays significant roles as osmoprotectant (Alam et al., 2014) . Ali and Ashraf (2011) mentioned that trehalose is an efficient protectant against water deficit conditions. Exogenous trehalose application was also effective in reducing oxidative stress (Ma et al., 2013) .
Salinity
Zeid (2009) stated that pre-soaking maize grains (Giza 2) with 10 mM trehalose induced maize growth of salt-stressed and unstressed plants. Trehalose pretreatment alleviated the adverse effects of salinity stress on the metabolic activity of maize seedlings. Photosynthetic pigments, nucleic acids content and organic solutes e.g., sugars, soluble proteins and proline content were increased in response to trehalose application. Moreover, these increases were associated with increases in hydrolytic activity of amylase and protease enzymes (Tables9&10). Trehalose treatment may be ameliorate salinity stress through stabilization of the plasma membranes, since it decreased the rate of ion leakage and the rate of lipid peroxidation and increased the ratio of K + /Na + ions in maize seedlings. Exogenous application of trehalose on O. sativa under salt stress condition caused reduction in the Na + /K + ratio and strongly decreased endogenous proline in seedlings. The activities of SOD and POX were decreased and the activity of APX increased and the transcription of all antioxidant enzyme genes up-regulated (Nounjan and Theerakulpisut,2012) . Yang et al. (2014) concluded that exogenous trehalose had considerable potential torelease salt-induced restriction on both vegetative and reproductive growth in Arabidopsis under high salt condition.The analysis on the ionic homeostasis showed that trehalose could help salt-stressed plant to retain higher K + and K + /Na + ratio in the leaf and stem. The cellular redox state, antioxidant system, and soluble sugars were all found to be controlled by trehalose to improve salt tolerance. It is clear evidence that trehalose could improve plant salt tolerance and act as an elicit of biological process involved in plant salt stress responses.
Drought
Alam et al. (2014) investigated the comparative responses of three Brassica species including B. napus, B. campestris and B. juncea under polyethylene glycol induced drought stress and the protective effects of exogenous trehalose(5 mM). Trehalose improved performance of all species under drought stress, but responses were different.
In B. juncea, combination of trehalose with drought improved seedlings' fresh weight, dry weight, leaf relative water content (RWC), chl a, chl b, ascorbate (AsA), glutathione (GSH) contents, AsA/DHA (ratio of AsA and dehydroascorbate) and GSH/GSSG (reduced to oxidized GSH) ratios; enhanced ascorbate peroxidase (APX), dehydroascorbate reductase (DHAR), glutathione reductase (GR), glutathione peroxidase (GPX) and glyoxalase II (Gly II) activities; reduced MDA, H 2 O 2 , Pro (proline). Brassica napus seedlings with trehalose addition under drought showed improved seedlings' fresh weight, dry weight, GSH/GSSG ratio; up-regulated catalase (CAT), glutathione S-transferase (GST) activities; reduced MDA, and H 2 O 2 contents. In B. campestris trehalose supplementation with drought improved fresh weight, RWC, chl a, chl b, chl (a+b) contents; and AsA/DHA ratio. The results suggest that B. juncea is naturally drought tolerant species moreover; its drought tolerance capability is further enhanced by exogenous trehalose application. 
